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Abstract
Magnetic cochlear implant surgery requires removal of a magnet via a heat-
ing process after implant insertion, which may cause thermal trauma within
the ear. Intra-cochlear heat transfer analysis is required to ensure that the
magnet removal phase is thermally safe. The objective of this work is to
determine the safe input power density to detach the magnet without caus-
ing thermal trauma in the ear, and to analyze the effectiveness of natural
convection with respect to conduction for removing the excess heat. A fi-
nite element model of an uncoiled cochlea, which is verified and validated,
is applied to determine the maximum safe input power density to detach a
1-mm-long, 0.5-mm-diameter cylindrical magnet from the cochlear implant
electrode array tip. It is shown that heat dissipation in the cochlea is pri-
marily mediated by conduction through the electrode array. The electrode
array simultaneously reduces natural convection due to the no-slip bound-
ary condition on its surface and increases axial conduction in the cochlea.
It is concluded that natural convection heat transfer in a cochlea during
robotic cochlear implant surgery can be neglected. It is found that thermal
trauma is avoided by applying a power density up to 2.265× 107 W/m3 for
114 s, resulting in a maximum temperature increase of 6◦C on the magnet
boundary.
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1. Introduction
A cochlear implant is a Food and Drug Administration (FDA) approved
solution for profound-to-severe hearing disability. Manual insertion of cochlear
implant electrode arrays (hereafter called electrode array), however, causes
intra-cochlear physical trauma in about one-third of surgeries [1], [2]. This
physical trauma not only decreases the residual hearing ability but also re-
duces the functionality of the cochlear implant [1], [2]. To prevent physical
trauma during surgery, researchers have suggested magnetic guidance of the
electrode array [1], [2], [3]. In this technique, a magnet attached to the tip of
the electrode array is guided in the cochlear turns via an external magnetic
field (see Fig. 1) [4]. After surgery, the magnet must be detached from the
electrode array and removed from the cochlea to avoid potential medical
complications arising when the patient is exposed to a strong magnetic field
[5]. The detachment process requires heating of the magnet, thus releasing
thermal energy in the cochlea that may cause thermal trauma within the ear.
Heat transfer in the ear has been studied for applications such as caloric test
[6],[7],[8], stapedectomy [9],[10],[11], radio-frequency radiation [12],[13],[14],
magnetic resonance imaging [5], [15],[16],[17], and infrared neural stimula-
tion of cochlear implants [18], [19],[20],[21]. Yet, neither the heat source
nor the targeted tissue in these applications are similar to the magnet de-
tachment process. Therefore, a comprehensive thermal analysis in cochlear
channels during robotic cochlear implant surgery is required.
The objective of this paper is to understand the mechanisms respon-
sible for thermal energy dissipation during magnetic guidance of cochlear
implants. For that purpose, conduction and natural convection heat trans-
fer are simulated in a three-dimensional (3D) uncoiled model of the cochlea,
where the magnet acts as a heat source. Specifically, the safe input power
density to detach the magnet without causing thermal trauma in the ear,
and the effectiveness of natural convection with respect to conduction for
removing the excess heat during the magnet detachment phase, are analyzed.
The rest of the paper is organized as follows. Section 2 provides a de-
scription of the computational model and the associated assumptions. Next,
the model is verified for conduction heat transfer by comparison against a
one-dimensional (1D) solution for two concentric cylinders, where the in-
ner cylinder represents the magnet generating heat. This is followed by a
verification of the model for natural convection heat transfer between two
concentric cylinders and validation for two eccentric cylinders. In the fourth
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Figure 1: Cutaway view of a cochlea with an inserted electrode array (Photo by MED-
EL)[4].
section, heat transfer within the uncoiled model of the cochlea where the
magnet acts as a heat source is simulated. The maximum input power den-
sity to detach the magnet from the electrode array, and the impact of natural
convection with and without an inserted electrode array are analyzed. Con-
cluding remarks are then provided.
2. Description of the 3D uncoiled model of the cochlea
The cochlea is a long semi-conical, spiral set of three fluid-filled ducts
with two and one-half turns (see Fig. 1). The fluid filling the cochlea is a
dilute solution of ions in water called perilymph [22]. In this paper, a 3D
uncoiled model of the cochlea characterized by a length of 32.31 mm and a
diameter of 2 mm is considered (see Fig. 2). A 31.5-mm-long electrode array
is inserted in the cochlear channel through a dissected hole called the round
window. The radius of the electrode array decreases linearly from 0.65 mm
at the round window (x = 0 mm) to 0.4 mm at x = 6.5 mm, and then from
0.4 mm down to 0.2 mm between x = 6.5 mm and 31.5 mm. The electrode
array is surrounded by perilymph, and the boundary of the cochlear channel
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is made of bone. A 1-mm-long, 0.5-mm-diameter cylindrical magnet acting
as a heat source is aligned with and attached near the tip of the electrode
array. The center of the magnet is located at x = 30 mm and y= -0.7 mm.
Due to the relatively low maximum temperature involved in robotic
cochlear implant surgery (a few degrees higher than the body core tempera-
ture of 37◦C), radiation heat transfer is negligible. As such, heat transfer in
the 3D uncoiled model of the cochlea is analyzed by considering only con-
duction and natural convection heat transfer. The energy balance is given
by:
ρcp
∂T
∂t
+ ρcpu · ∇T +∇ · (−k∇T ) = q (1)
where T , ρ, cp, k, u, and t are respectively the temperature (K), density
(kg/m3), heat capacity (J/kg·K), thermal conductivity (W/m·K), velocity
vector (m/s), and time (s). The input power density, q (W/m3), is non-zero
only in the magnet, while the advection term (i.e., second term on the left-
hand side of Eq. (1)) is non-zero only in the perilymph. The velocity field in
the perilymph is determined by solving the following mass and momentum
balance equations:
ρ
∂ρ
∂t
+∇ · (ρu) = 0 (2)
ρ
∂u
∂t
+ ρ(u · ∇)u = ∇ · pI + ρg (3)
where g (m/s2) is the gravitational acceleration, p is the pressure (Pa), and
I is a 3× 3 identity matrix.
When solving the energy balance equation, the perilymph, electrode ar-
ray, and magnet are initially at the body core temperature of 37◦C. Except
at the round window where the bone is removed during surgery, the cochlear
channel boundary is assumed to be insulated. This is justified by the fact
that bones are characterized by a low thermal conductivity in the range of
∼0.373 to 0.496 W/m·K [23]. At the round window, the perilymph and
electrode array are isothermal at the body core temperature. Continuity
boundary conditions are applied at the electrode array and magnet walls,
which implies that the temperature and heat flux on these boundaries are
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equal for the adjacent domains.
For the mass and momentum balance equations, the perilymph is ini-
tially stagnant (u = 0 m/s), while the pressure inside the cochlear channel
is equal to atmospheric pressure. The pressure at the round window is
assumed to be constant and equal to atmospheric pressure. The magnet,
cochlear channel, and electrode array walls are subjected to no-slip bound-
ary conditions. The gravity effect is active along the negative z-direction
and the reference point (x = 0, y = 0, z = 0) is located at the round window
in the center of the cochlear channel.
Equations (1) to (3) are solved using the finite element method as im-
plemented in COMSOL Multiphysics 5.4. In the calculations, the thermo-
physical properties of the perilymph are assumed to be the same as those
of water [6],[22]. The magnet and electrode array thermophysical proper-
ties are provided in Table 2. Before analyzing heat transfer in the cochlear
channel shown in Fig. 2, the COMSOL model is first verified and validated.
These are presented in the next section.
Table 1: Thermophysical properties of the magnet and electrode array.
Domain cp (J/kg·K) k (W/m · K) ρ (kg/m3)
Magnet 430 a 8.1 a 7500 a
Electrode array 127.7 b 2.8 b 19400 b
a Provided by the manufacturer (SUPERMAGNETMAN).
b Calculated based on the information provided by MED-EL.
3. Verification and validation of the model
3.1. Verification of conduction heat transfer in a cross-section of
the cochlea with heat source
Conduction heat transfer in the numerical model is verified in a 1D cross-
section of the cochlea, where only temperature variations along the radial
direction are analyzed (see Fig. 3). The outer cylinder delimits the cochlear
region, while the inner cylinder represents the magnet generating heat. The
numerical results are compared with an analytical solution described here-
after.
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Figure 2: 3D uncoiled model of the cochlea with inserted electrode array and magnet.
The electrode array model is made by MED-EL[4].
The energy balances for pure conduction in the magnet (region 1: r <
Ri) and in the perilymph (region 2: Ri < r < Ro) are respectively given by:
α1
∂2T1
∂r2
+
α1
k1
q(r, t) =
∂T1
∂t
(4)
α2
∂2T2
∂r2
=
∂T2
∂t
(5)
where α and r are the thermal diffusivity (m2/s), and the radial distance
(m). At r = Ri, continuity boundary conditions are applied:
T1(Ri, t) = T2(Ri, t) (6)
k1
∂T1
∂r
∣∣∣∣
r=Ri
= k2
∂T2
∂r
∣∣∣∣
r=Ri
(7)
It is assumed that the entire domain is initially at the body core tem-
perature (Tbc = 37
◦C), while the input power density, q, is fixed at 3.3×106
W/m3. The analytical solution for conduction heat transfer between two
infinite, concentric cylinders is provided in Ref. [24]. Equations (4) and
(5) are solved simultaneously using Green’s functions. The final result is a
combination of Bessel functions of the first and second kinds that require
computation of eigenvalues. It is challenging, however, to calculate the first
eigenvalue for an adiabatic cochlear boundary. Jain et al., avoided using
an insulation boundary condition, but no explanation was given [25]. As
such, a conductive boundary condition at r = Ro is modeled with a small
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Figure 3: The cochlear 3D model is uncoiled, and a cross-section of the uncoiled cochlea
with inserted magnet represents the 1D model that is used for verification of conduction.
overall heat transfer coefficient, U , of 0.003 W/m2·K to mimic an adiabatic
condition:
−k2 ∂T2
∂r
∣∣∣∣
r=Ro
+ U(T2(Ro)− Tbc) = 0 (8)
The convergence of the numerical solution has been studied by refining
the element size as well as the time step. The numerical results converged
using 8 elements and a time step of 0.1 s. The converged numerical results
are verified against the analytical results in Fig. 4. The maximum Normal
Root Mean Square Error (NRMSE) does not exceed 0.5%. This difference
is mostly due to truncation errors.
Natural convection is the other heat transfer mode that may play a
role in thermal energy dissipation during magnetic guidance of cochlear im-
plants. Therefore, natural convection in the numerical model is verified and
validated next using numerical and experimental data from the literature.
3.2. Verification and validation of natural convection in a cross-
section of the cochlea with inserted magnet
Natural convection in the numerical model is first verified with numer-
ical data for two concentric, isothermal cylinders without heat generation.
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Figure 4: Comparison of temperature profiles at selected times (0, 10, 40, 80, 114 s) from
the analytical solution and the numerical model. The region between r=0 mm and 0.25
mm represents the magnet, while the rest of the domain is filled with perilymph.
Radial temperature distributions from the numerical model are compared in
Fig. 5 against numerical results [26] for selected azimuthal angles ϕ. Here,
θ is the dimensionless temperature T−ToTi−To , where To is temperature of the
outer cylinder of radius Ro, while Ti is the temperature of the inner cylinder
of radius Ri. The dimensionless radial distance R
∗ is defined as r−RiRo−Ri . For
the case depicted in Fig. 5, the temperature difference between the inner
and outer cylinders is 175 K, the Raleigh number Ra = gβ(Ti−To)(Ri−Ro)
3
να
is 104 which is within the range of natural convection, the Prandtl number
Pr is 0.71, and the ratio of the outer cylinder radius to the inner cylinder
radius, Ro/Ri, is 5.
A convergence analysis has been performed to determine the minimum
number of elements leading to a stable solution. Initially, 142,961 elements
were used to solve the problem; the number of elements was subsequently
increased to 2,977,920. The maximum difference between these simulations
was less that 1%. A time step of 0.1 s is used for the simulation. Refining
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the time step does not significantly affect the results. The maximum dif-
ference between the numerical results and those from Cho et al. [26] is less
than 4%. This difference may be due to using a digitizer tool (OriginPro
2019b) to extract the data from Ref. [26], or the slight difference between
the input parameters (e.g., material properties) used in our simulation and
those from Cho et al.
Natural convection is next validated against experimental data for two
eccentric cylinders [27], which is representative of the actual problem where
the magnet attached to the electrode array is not centered in the cochlear
channel (see Fig. 6). For this problem, r′ represents the radial distance from
the inner cylinder center, while R′ is the radial distance between the two
cylinder walls. The ratio of the inner cylinder eccentricity, ε, to the gap
distance between the two cylinders in a concentric arrangement, Ro − Ri,
is 0.652. In addition, the Rayleigh number Ra is 4.8 × 104, the Prandtl
number Pr is 0.706, while Ri and Ro are respectively equal to 1.78 cm and
4.625 cm. The temperature difference, ∆T , is 26.3 K, and Ti+To = 616.76 K.
A convergence analysis of the numerical model has been performed in
the same manner as for two concentric cylinders. The number of elements
leading to converged results is 205,021. At time steps shorter than 0.1 s, the
numerical results do not change by more than 1%. The dimensionless tem-
perature (θ) is plotted as a function of the dimensionless radial the distance
R∗′ = r
′−Ri
R′−Ri for selected values of ϕ in Fig. 6. The maximum NRMSE is
6%, which is equal to 1.7 K. The error in digitizing the data from Ref. [27],
and the measurement error (not specified explicitly) are the main plausible
sources of the differences.
To conclude this section, the numerical model provides accurate results
for both conduction and natural convection heat transfer. As such, the
numerical model can be applied with confidence to the thermal analysis of
the uncoiled cochlea shown in Fig. 2.
4. Heat transfer analysis in the 3D uncoiled model of the cochlea
with inserted electrode array and magnet
The verified and validated numerical model is used to simulate heat
transfer in the 3D uncoiled model of the cochlea with an inserted electrode
array and magnet, as described in section 2 and shown in Fig. 2. In all sim-
ulations, 3,567,405 elements and time steps of 0.1 s were sufficient to obtain
9
Figure 5: Verification of natural convection in the numerical model with the results
reported by Cho et al. [26] for two concentric cylinders. The vertical and horizontal
axes represent the dimensionless temperature (θ) and dimensionless radial distance (R∗),
respectively.
converged results. Note that the number of elements is reduced to 810,968
when natural convection is neglected.
The thermal damage threshold of tissues in the cochlea is required for
calculating the maximum safe input power density to detach the magnet
[28]. This thermal damage threshold of in-vivo tissues depends on the tem-
perature, the type of tissues, and the length of exposure to the heat source.
The Cumulative Equivalent Minutes at a fixed temperature (CEMT ) is a
parameter that combines both the effects of temperature and length of expo-
sure [28], [29]. As such, CEMT is used to determine the maximum safe input
power density for detaching the magnet from the electrode array. Yoshida
et al. [29] reported that exposing mouse ear tissues to a temperature of
43◦C for 1.9 minutes does not affect ear functionality. van Rhoon et al. [30]
pointed out that a CEM43 less than 2 minutes is safe for any type of tissues
under supervision of an expert capable of managing a sudden physiological
response to a thermal stress. Here, a CEM43 of 1.9 minutes is used to cal-
culate the maximum safe input power density.
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Figure 6: Validation of natural convection in the numerical model with the results re-
ported by Kuehn and Goldstein [27] for two eccentric cylinders. The vertical and horizontal
axes represent the dimensionless temperature (θ) and the dimensionless radial distance
(R∗′), respectively.
The maximum safe allowable input power density is first estimated for
the limiting case of pure conduction within a cochlea containing a solitary
magnet. This is the worst case scenario, as natural convection and conduc-
tion through the electrode array facilitate heat dissipation in the cochlea. By
applying the Parametric Sweep Study Module in COMSOL, it is found that
the maximum safe input power density for this limiting case is 1.62 × 107
W/m3 based on a CEM43 of 1.9 minutes. This input power density is used
hereafter to study the impacts of natural convection and conduction through
the electrode array on the thermal management of the cochlea.
The maximum temperature in the cochlea is provided in Table 2 for four
different scenarios, namely for pure conduction with and without an elec-
trode array, and for conduction and natural convection with and without
an electrode array. In the absence of the electrode array, natural convection
reduces the maximum temperature in the cochlea by approximately 1 ◦C.
This effect is significant considering the fact that an increase of tempera-
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ture in excess of 6◦C above the body core temperature causes damage to
tissue. Conversely, the impact of natural convection on the maximum tem-
perature in the cochlea with the electrode array is negligible. Thus, it can be
concluded that inserting the electrode array, as done in the actual surgery,
reduces the relative contribution of natural convection to heat transfer in
the cochlea. This conclusion is also confirmed in Fig. 7, where the heat
removal rate from the magnet is shown as a function of time. When the
electrode array is not modeled, the heat rate from the magnet increases in a
non-negligible manner due to natural convection during the first 60 seconds
of the transient process. Yet, the difference between the heat rate removal
from the magnet by natural convection is clearly negligible in comparison to
the heat rate removal by conduction in the presence of the electrode array.
These results can be explained by the fact that the electrode array drives
some perilymph out of the cochlea. The remaining fluid in the small annular
region does not flow easily due to the internal no-slip boundary condition
around the electrode array. As such, heat is mostly transferred axially via
conduction in the electrode array. Fig. 8 provides the temperature distri-
bution within the uncoiled cochlea with and without the electrode array
after heating the magnet for 114 s with an input power density of 1.62×107
W/m3. Perilymph temperature is maximum near the magnet and reduces
to the body core temperature when approaching the round window.
The negligible impact of natural convection in the presence of the elec-
trode array is further supported by the correlation developed by Raithby
and Holland [31] for two concentric cylinders separated by a fluid gap as-
sumed to be much smaller than length of the cylinders. In this correlation,
an effective thermal conductivity keff (W/m·K) due to conduction and natu-
ral convection within the gap between two isothermal cylinders is calculated
as follows:
keff
k
= 0.386
(
Pr
0.861 + Pr
) 1
4
Ra
1
4
cc (9)
where k is the thermal conductivity of the fluid in the gap. The correlation
assumes that the temperature of the inner cylinder is greater than the outer
cylinder temperature. In Eq. (9), the modified Rayleigh number for two
concentric cylinders, Racc, is defined as [31]:
Racc =
[ln(DoDi )]
4
b3(D
−3/5
i +D
−3/5
o )5
Rab (10)
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where b = Do−Di, and Do and Di are respectively the outer and inner cylin-
der diameters. Equations (9) and (10) are applicable for fluids characterized
by 0.7 ≤ Pr ≤ 6000 and Ra ≤ 107. A ratio keffk larger than 1 indicates that
natural convection contributes to heat transfer in a non-negligible manner.
Otherwise, natural convection is negligible and heat transfer can solely be
modeled via conduction [32]. Substituting the cochlear dimensions into Eqs.
(9) and (10), and using the temperature difference ∆T = 43◦C - 37◦C to
calculate Rab, the maximum
keff
k ratio is 0.7. Therefore, both the numeri-
cal model and correlation demonstrate that natural convection is negligible
in the thermal analysis of the magnet detachment process. Based on this
conclusion, when both the electrode array and magnet are in the cochlear
channel, it is determined that the maximum safe input power density for
detaching the magnet from the electrode array is 2.265×107 W/m3 using a
CEM43 of 1.9 minutes.
Table 2: Maximum temperature in a cochlear channel.
Tmax (
◦C)
Cochlea with magnet (conduction) 42.87
Cochlea with magnet (conduction and convection) 42.08
Cochlea with electrode array and magnet (conduction) 41.23
Cochlea with electrode array and magnet (conduction and convection) 41.20
5. Conclusions
The safe input power density to detach the magnet from the electrode
array during robotic cochlear implant surgery was studied using a 3D un-
coiled model of the cochlea. Conservation of mass, momentum, and energy
in the cochlea were solved using the finite element method as implemented
in COMSOL Multiphysics 5.4. The numerical model was verified and val-
idated for conduction and natural convection heat transfer. It was found
that natural convection has a negligible impact on dissipating the heat gen-
erated during the magnet detachment process when taking into account the
electrode array, as most of the heat is transferred axially by conduction
through the electrode array. Solving the equations for conservation of mass,
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Figure 7: Heat removal rate from the magnet as a function of time.
momentum, and energy simultaneously, which is required to calculate nat-
ural convection, is computationally expensive. Thus, the fact that natural
convection is negligible is critical for modeling heat transfer in the actual
cochlea geometry as it reduces the computational costs drastically. Finally,
the safe maximum input power density to detach the magnet after magnetic
guidance of the cochlear implant is 2.265×107 W/m3. This work will accel-
erate the implementation of robotic implant cochlear surgery, and is critical
for avoiding thermal damage of cochlear tissues.
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